ABSTRACT Increasing incidences of multidrug resistance in pathogenic bacteria threaten our ability to treat and manage bacterial infection. The development and FDA approval of novel antibiotics have slowed over the past decade; therefore, the adoption and improvement of alternative therapeutic strategies are critical for addressing the threat posed by multidrug-resistant bacteria. Host-directed therapies utilize small-molecule drugs and proteins to alter the host response to pathogen infection. Here, we highlight strategies for modulating the host inflammatory response to enhance bacterial clearance, small-molecule potentiation of innate immunity, and targeting of host factors that are exploited by pathogen virulence factors. Application of state-of-the-art "omic" technologies, including proteomics, transcriptomics, and image-omics (image-based high-throughput phenotypic screening), combined with powerful bioinformatics tools will enable the modeling of key signaling pathways in the host-pathogen interplay and aid in the identification of host proteins for therapeutic targeting and the discovery of host-directed small molecules that will regulate bacterial infection. We conclude with an outlook on research needed to overcome the challenges associated with transitioning host-directed therapies into a clinical setting.
T
herapeutic strategies for the treatment of bacterial infections have historically relied on the antibiotics that target bacterial protein, DNA, RNA, or cell wall synthesis. Although antibiotics have been successfully used for decades, the discovery rate of novel antibiotics is unable to keep pace with the emergence of antibiotic-resistant bacteria. For example, the appearance of carbapenem-resistant Enterobacteriaceae has thwarted the therapeutic benefit of the carbapenem class of antibiotics, which are reserved as a last-line defense (1, 2) . Widespread antibiotic use in medical treatment facilities has generated selection pressure to give rise to multidrug-resistant (MDR) bacteria, further driving the need for antibacterial treatments that employ novel molecular mechanisms (3) . Each year in the United States, issues related to antibacterial resistance are projected to result in over 23,000 deaths, 2 million illnesses, and costs amounting to 20 billion dollars (4) . To address the MDR problem, combination therapy is an emerging option. Combinations of two antibiotics, of an antibiotic with a drug targeting the antibiotic resistance mechanism, or of an antibiotic with an adjuvant are promising new therapeutic approaches (5, 6) . However, the clinical manifestation of infections caused by the bacterial pathogens reflects a complex interaction between the pathogen, host, and antibiotics. As the innate immune system plays a critical role in battling the bacterial infection, strategic targeting of the host together with an appropriate antimicrobial treatment of the pathogen(s) by rational combination therapy may suppress antibacterial resistance, lead to successful treatment and resolution of antimicrobial-resistant infections, and thereby overcome some of the impediments to antibiotic therapies. The focus of this review is on host-directed therapies, including the use of immunomodulatory agents and tool compounds that target critical host signaling enzymes exploited by bacteria for their intracellular invasion, replication, and/or dissemination. We also describe the use of high-throughput systems biology and phenotypic compound screening approaches, which complement current hypothesis-driven efforts and shed light on the discovery of novel host targets required for bacterial replication.
Intracellular survival of bacteria by evading host defense. Wide varieties of pathogenic bacteria have evolved sophisticated mechanisms to hijack the host factors for their invasion, replication, or spread and evade the host immune surveillance. There are several benefits for bacteria in adapting an intracellular lifestyle. For example, the intracellular niche protects bacteria from the complement or adaptive immune system. Intracellular bacteria also have less competition from other resident bacteria for nutrients. In fact, few bacterial species have evolved to live within professional phagocytic cells such as macrophages (7) .
Once a bacterium is taken up into a cell by either phagocytosis or receptormediated endocytosis, it traffics along the endocytic pathway toward lysosomal fusion and destruction. The pH decreases upon maturation of the phagosome into a phagolysosome. Phagolysosome acidification, which itself contributes to target degradation, is also required for the activation of lysosomal hydrolases, such as cathepsins, that function optimally at low pH. In addition, lysosomes harbor antimicrobial peptides and natural resistance-associated macrophage protein 1, which excludes divalent cations that are essential for microbial function (8) . Intracellular bacteria that have adapted to life within a host vacuole can halt trafficking (e.g., Mycobacterium tuberculosis) or tailor their environment to avoid destruction (e.g., Coxiella burnetii) (9, 10) . How Salmonella evades lysosomal degradation remains controversial. Multiple studies demonstrated that Salmonella prevents the fusion of a Salmonella-containing vacuole with lysosomes. An alternative mechanism proposed is the delay rather than avoidance of lysosome fusion, which is the key step in the establishment of a replicative niche by Salmonella enterica serovar Typhimurium (11, 12) . Pathogens that escape from the phagosome and gain access to the cytosol can evade autophagy (e.g., Shigella flexneri, Burkholderia pseudomallei, Listeria monocytogenes, and Francisella tularensis) (13) (14) (15) (16) . Certain bacteria (e.g., S. flexneri, B. pseudomallei, L. monocytogenes, and Rickettsia spp.) polymerize host actin and form an actin-tail structure (17) . Actin tails enable bacteria to propel through the cytoplasm and protrude from the host plasma membrane. These protrusions are internalized by surrounding host cells, resulting in bacteria enclosed in double-membrane vacuoles. Bacteria secrete proteins that disrupt both membranes, allowing the bacteria to escape into the cytosol and neighboring cells (Fig. 1) . One characteristic feature of the B. pseudomallei and Burkholderia mallei intracellular life cycle is the fusion of infected mononuclear cells, forming multinucleated giant cells (MNGCs). Although the role of B. pseudomallei-induced MNGCs is unclear, it is believed that cell fusion facilitates localized dissemination of the bacteria (18) .
The interactions between bacteria and the mammalian host cells that they infect are multifaceted. Protection of host cells from intracellular bacterial infection relies on the appropriate timing, expression, location, and function of host defense mechanisms. While host cells strive to restrict bacterial infection, bacteria have evolved complex protein secretion systems that have diverse roles and perform numerous physiological functions that are required for bacterial survival and replication. Some of the secretion systems also deliver virulence factors into the mammalian host cells that allow the bacteria to replicate and spread in the host population (19, 20) . Bacteria express a range of virulence factors that thwart host responses at various stages of their life cycle and usurp cellular functions to their advantage. Details with regard to the virulence factors' mechanisms in facilitating the progression of the bacterial intracellular life cycle and counteracting host immune responses can be found elsewhere (http://www.mgc.ac.cn/ VFs/). Failure to mount a robust immune response may result in the development of acute disease and, in some instances, reactivation of the latent infection. Harnessing the innate host defenses thus provides a rational basis for the development of host-directed antimicrobial therapeutics.
PROMOTING BACTERIAL CLEARANCE THROUGH MODULATING HOST INFLAMMATORY RESPONSES
Regulating PRR signaling pathways. Pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors, have evolved to detect conserved features of microbes known as pathogen-associated molecular patterns (PAMPs). This evolutionary strategy of the host enables a small number of germ line-encoded PRRs to recognize a vast variety of molecular structures associated with the pathogens. Thirteen TLRs have been reported. TLR1 to -9 are conserved in both mice and humans. Humans do not express TLR11 to -13. Studies using TLR-knockout mice revealed that each TLR has a distinct function in terms of PAMP recognition and the immune responses (21) . For example, TLR2 heterodimerizes with either TLR1 or TLR6 in recognizing bacterial lipopeptides. TLR4 detects the presence of lipopolysaccharide (LPS), whereas TLR9 recognizes CpG islands that are enriched in the bacterial genome (22) . With the exception of TLR3, stimulation of TLRs triggers a MyD88-mediated signaling cascade, which leads to NF-B (nuclear factor kappa-light-chain-enhancer of activated B cells) activation and upregulation of proinflammatory gene expression ( Fig. 2A) (22) . Stimulating with TLR ligands promptly potentiates the production of proinflammatory cytokines and chemokines which facilitate the clearance of bacterial infections (22) . In the mouse model, intranasal inoculation of monophosphoryl lipid A, a chemically modified derivative of the lipid A moiety of LPS, showed a significant reduction in the number of Haemophilus influenzae and Moraxella catarrhalis bacteria recovered from the nasopharynx (23) . PRR ligands are also pursued as vaccine adjuvants. Five conserved antigens derived from Staphylococcus aureus, each having different roles in pathogenesis, were formulated with a TLR7 agonist and adsorbed onto alum adjuvant (4CT7-Staph). In the mouse peritonitis model, 80% to 90% protection against four different Staphylococcal strains was observed in mice vaccinated with 4CT7-Staph (24) .
In addition to TLRs, PAMPs can be detected by NLRs residing in the cytosol, such as NLRP3 and NLRC4 (25) . NLRP3 is an inflammasome-forming NLR, which involves the oligomerization of procaspase 1 through an adapter protein, the apoptosis-associated speck-like protein containing a CARD (ASC) (26) . Autoproteolytic cleavage of procaspase 1 results in its activation and can subsequently convert pro-interleukin-1␤ (pro-IL-1␤) and pro-IL-18 to their active forms (27) . While NLRC4 can oligomerize with procaspase 1 directly, ASC is required for maximal NLRC4 inflammasome activation (28) . NLRC4 inflammasome is important for clearing a variety of bacterial infections, including those by Salmonella Typhimurium, S. flexneri, Pseudomonas aeruginosa, and B. pseudomallei (29) . B. pseudomallei induces NLRC4-dependent pyroptosis, a programmed cell death mechanism to contain intracellular pathogen infections, which restricts intracellular bacterial growth. Activation of NLRP3, on the other hand, upregulates IL-1␤, promotes the replication of B. pseudomallei, recruits excessive neutrophils to the lung, and leads to tissue damage (30) . In the murine model of B. pseudomallei infection, intraperitoneal (i.p.) delivery of glyburide, a small molecule that inhibits IL-1␤ production, followed by intranasal infection with B. pseudomallei significantly reduces bacterial dissemination into both liver and spleen (31) . However, the therapeutic benefit of glyburide in patients infected with B. pseudomallei is not clear, as the correlation between glyburide-mediated anti-inflammatory responses and the disease outcomes remains controversial (32) (33) (34) . MCC950 was also identified as a small molecule that potently inhibits NLRP3-induced ASC oligomerization but not NLRC4 signaling activation (35) . The role of MCC950 in regulating bacterial infection requires further characterization. Identifying small molecules that selectively prevent cytokine secretion upon NLRP3 inflammasome activation thus appears as a promising new therapeutic strategy.
Boosting autophagy activity enhances killing of intracellular bacteria. Autophagy is a cellular process that enables the digestion of cytoplasmic contents (i.e., toxic protein aggregates and dysfunctional organelles) in lysosomes. Autophagy is amplified in response to cellular stresses, including hypoxia, energy loss, and nutrient deprivation. By recycling cellular components, this process provides a mechanism for the adaptation to starvation and regulates cellular metabolism and homeostasis (36) . In addition to its role in homeostatic maintenance, it is evident that cells also utilize autophagy as an innate immune mechanism for the clearance of intracellular pathogens (37) . Autophagy starts with the assembly of a membrane sac, known as the phagophore, which elongates to enclose cytoplasmic components. The phagophore expands and grows into a double-membrane compartment, known as an autophagosome, which sequesters cytoplasmic targets (38) . Central to the autophagy pathway is LC3B protein.
Through a series of proteolytic modifications, pro-LC3 is converted to LC3B-II, which contributes to the closure of autophagosomes and mediates cargo docking (39) . Fusion of autophagosome with lysosome results in autophagolysosomes, which contain a variety of proteases and acid hydrolases that enable the degradation of the cargo (40) . Xenophagy, a selective degradation of intracellular microorganisms through autophagy, can be achieved in sequestosome 1-like receptors or NOD2-ATG16L1-mediated interactions (41) . An alternative mechanism for bacterial clearance is through LC3-associated phagocytosis (LAP), which is mediated through single-membrane phagocytic vesicles that contain engulfed bacteria and are transiently coated with LC3-II. LAP is induced by multiple bacterial pathogens, including Escherichia coli, S. Typhimurium, Mycobacterium marinum, and B. pseudomallei (42) . Induction of LAP with sirolimus, an mTOR inhibitor, increases the colocalization of B. pseudomallei with LC3 in phagosomes, thereby augmenting phagosomal maturation and further phagocytosis. Concomitantly, intracellular survival of B. pseudomallei decreases upon sirolimus treatment (14) . In contrast, survival of intracellular B. pseudomallei was significantly increased after blocking autophagy induction (43) . Intracellular pathogens have evolved strategies to counteract various stages of the autophagy pathway through inhibiting the autophagy induction signal, preventing recognition by the autophagy machinery, interfering with autophagy components, or blocking autophagosome fusion with the lysosome (38) .
Boosting autophagy activity by inhibiting negative regulators of the pathway (i.e., p38 and cathepsin B) serves as a therapeutic route for bacterial clearance. Mitogenactivated protein kinase (MAPK) p38 negatively regulates autophagy (44) . Treatment of macrophages with AMG548, a p38 inhibitor, promotes clearance of M. tuberculosis by inducing autophagy (45) . Consistent with these observations, gefitinib (inhibitor of epidermal growth factor receptor) reduced M. tuberculosis-mediated p38 phosphorylation, thereby enhancing autophagy by increasing LC3 expression and restricting the growth of M. tuberculosis (Fig. 2B) (45) .
Lysosomes mediate the degradation of endocytosed extracellular materials or sequestered intracellular components. Fundamental cellular processes orchestrated by lysosomes require cathepsin proteases. Cathepsin B is one of the 11 human lysosomal cathepsins (46) . Cathepsin B plays an important role in immune responses such as TLR activation and antigen processing and presentation (46) . The leakage of lysosomal cathepsin B into the cytoplasm can also trigger NLRP3 inflammasome in a cell-based assay model (47) . In addition, lysosomal cathepsin B has also been demonstrated to be a negative regulator of autophagy and lysosomal biogenesis (48) . Cathepsin-B-deficient macrophages upregulate genes associated with lysosome biogenesis and autophagy. Cathepsin-B-deficient mice subcutaneously infected with Francisella novicida showed a 40% increase in survival rate over the wild-type mice. Bacterial loads in the liver and spleen of wild-type mice were approximately 2 logs higher than those in cathepsindeficient mice (48) . Optimizing currently available cathepsin B inhibitors may provide an alternative venue in host-directed antimicrobial therapy.
Potentiating innate immune signaling pathways by stabilizing HIF. Bacterial infections are often associated with hypoxic conditions which can stimulate the inflammatory response and improve infection clearance (49) . The host response to hypoxic conditions is regulated at the transcriptional level by hypoxia-inducible factor (HIF). HIF-1␤ heterodimerizes with one of two HIF-␣ isoforms (HIF-1␣ and HIF-2␣) and drives the expression of proinflammatory cytokines that mediate macrophage aggregation, invasion, and motility. The stability of HIF-␣ subunits is regulated by oxygen availability. Under normoxia conditions, prolyl-hydroxylases (PHDs) hydroxylate HIF-␣ and mark it for proteasomal degradation in a process mediated by von Hippel-Lindau tumor suppressor protein (VHL)-dependent ubiquitination. Under hypoxic conditions, PHDs are inactive, which allows for the accumulation of HIF-␣ (Fig. 2C) . In contrast to VHL-null macrophages, which showed an enhanced intracellular killing of P. aeruginosa, HIF-1␣-null macrophages failed to clear P. aeruginosa replication (50, 51) .
Mice infected with uropathogenic Escherichia coli (UPEC) followed by the administration of an HIF-1␣-stabilizing agent (AKB-4924) had a 10-fold reduction in UPEC colonization of the bladder (52). Consistent with this discovery, HIF-1␣-deficient mice are more susceptible to UPEC urinary tract colonization (52) . Given HIF-1␣'s role in modulating host responses to promote bacterial clearance, it follows that preventing HIF-1␣ degradation may provide a therapeutic target against bacterial infection. However, the therapeutic benefit of HIF induction in unclear in the situation where the disease pathology is driven by an overactive immune response to bacterial components (53) .
Redox mechanisms in the host defense/immune response. Host immune cells such as macrophages and neutrophils produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) molecules that act as a defense mechanism to trigger the clearance of the phagocytosed microorganisms. At physiological concentrations, ROS molecules act as secondary signaling messengers that regulate the expression of inflammatory mediators. However, an imbalance in the production and elimination of ROS is associated with human diseases (54) . ROS molecules are produced by the host enzyme NADPH oxidase (NOX). Seven NOX homologues are encoded in the human genome. NOX2 (otherwise known as gp91Phox) is the best-characterized family member in terms of its regulation. gp91Phox is the catalytic unit of this multicomponent oxidase, whereas p22Phox, p40Phox, p47Phox, p67Phox, and the small GTPase RAC are regulatory subunits. Exposure of cells to pathogens triggers the assembly of cytosolic regulatory subunits (p40Phox, p47Phox, p67Phox, and RAC) with the transmembrane protein complex formed by gp91Phox and p22Phox (55) . NOX2 mediates the transfer of an electron from NADPH to O 2 , forming the superoxide radical (O2˙Ϫ) (55) . The superoxide radical is converted to hydrogen peroxide by superoxide dismutase. In the phagolysosome of neutrophils, myeloperoxidase (MPO) catalyzes the generation of hypochlorous acid (HOCI) from hydrogen peroxide and chloride ion. HOCl dramatically enhances the microbicidal activity of hydrogen peroxide (56) . Proinflammatory cytokines such as IL-1␤ and tumor necrosis factor alpha (TNF-␣) upregulate the expression of inducible nitric oxide synthase (iNOS), which produces nitric oxide from the amino acid L-arginine. Nitric oxide reacts with superoxide to generate peroxynitrite (OONO Ϫ ), a potent nitrating agent and oxidant (Fig. 2D) (57) . Both RNS and ROS cause damage to bacterial proteins and DNA by stimulating a variety of modifications, which can lead to cleavage of polypeptide chains, proteolytic degradation, enzyme inactivation, and protein cross-linking/aggregation, which inactivates invasive bacteria (58). Bacterial pathogens develop countermeasures against ROS and RNS production (59, 60) . S. Typhimurium prevents phagocyte NADPH oxidase from trafficking toward Salmonellacontaining vacuoles (61) . F. tularensis produces antioxidant enzymes (SodB and SodC) that have ROS scavenging capacity, which suppresses innate immune activation and proinflammatory cytokine production (59) . Host cells with impaired ROS production are susceptible to bacterial infections. It is estimated that 1 in 200,000 people are afflicted with chronic granulomatous disease (CGD), an immunodeficiency syndrome characterized by a profound susceptibility to bacterial infection due to the lack of NOX2 activity (62) . The p47Phox-deficient mouse model of CGD succumbed to Burkholderia cepacia infection when given via the i.p. route, whereas the wild-type mice survived. Higher B. cepacia loads were observed in the peritoneum, spleen, kidney, and lungs of p47Phox mutant mice (63) . Interestingly, HIF-1␣ stabilization enhances production of nitric oxide during UPEC infection. An increase in nitrite production was observed in AKB-4929-treated cells, which correlated with the upregulation of iNOS transcription (52). Although they have not had their antimicrobial activities demonstrated, multiple anticancer drugs are also shown to increase ROS levels within the cells (64) . Further characterization of these drugs may provide novel platforms in treating bacterial infections.
Dampening host proinflammatory responses and thereby reducing bacterial load. While mounting of an inflammatory response is critical in eradicating bacterial infection, a systemic bacterial infection can lead to an acute proinflammatory response, which may result in sepsis. Currently, no effective therapy is available to inhibit the activation phase of the acute inflammatory response to infection. A new group of host-protective lipids termed 13-series resolvins were demonstrated to promote bacterial phagocytosis, reduce recruitment of neutrophils to the site of inflammation, reduce inflammasome activation, and augment host recovery from systemic infection by accelerating the resolution of the acute inflammatory response (65) . i.p. injection of resolvins into mice infected with E. coli showed a 40% increase in survival rate. Importantly, the resolvins did not exert direct bactericidal or bacteriostatic activity. The systemic administration of atorvastatin, which increased resolvin biosynthesis by means of S-nitrosylation-mediated activation of endothelial COX-2, significantly accelerated the resolution of infection and promoted survival in mice inoculated with E. coli (66) . The discovery of bioactive lipids that target the resolution phase of the acute inflammatory response warrants further investigation as a new host-directed therapeutic strategy.
Alternatively, clavanin-MO, a synthetic peptide derived from clavanin A, demonstrated both host immune modulatory functions and direct antimicrobial activity against MDR strains of E. coli and methicillin-resistant S. aureus (67) . In the cell-based study, clavanin-MO modulated immune responses by inducing anti-inflammatory cytokines (e.g., IL-10) and reduced LPS-mediated upregulation of proinflammatory cytokines (e.g., TNF-␣ and IL-12). In a murine animal model, i.p. infection by E. coli followed by i.p. treatment with clavanin-MO showed an 80% survival rate. This correlates with a significant decrease (~8 logs) in the number of viable bacterial counts found in the peritoneal fluid of clavanin-MO-treated groups (67) . This illustrates the ability of the antibacterial/immunomodulatory peptide to control inflammation and promote survival of the host following bacterial infection.
MULTIOMICS APPROACHES TO IDENTIFY HOST TARGETS THAT MEDIATE BACTERIAL INFECTION
Advanced high-throughput technological developments in the fields of transcriptomics, proteomics, metabolomics, and imageomics (high-throughput, high-content imaging [HCI] ) provide an unsurpassed opportunity for identifying host-pathogen interactors and characterizing gene functions in the context of bacterial infection. Transcriptomics studies enable quantitative measurements of the dynamic expression of the mRNA molecules and their variation in different states at the genome scale (68, 69) . Proteomics studies (e.g., mass spectrometry [MS] and reverse-phase protein mi-croarray [RPMA]) facilitate the characterization and quantitation of proteome changes from complex samples (70, 71) . Metabolomics studies reveal metabolites (including lipids and small molecules) that are generated in response to infection (72) . Importantly, technological advances related to assay miniaturization, high-throughput and automated image acquisition, and quantitative analysis have made it possible to extract hundreds of functional and morphological features that are associated with bacterial infections (73) (Fig. 3) . Specific HCI parameters have been applied in host-directed therapeutic discovery to study effects of perturbations in the bacterial infection cycle (74) (75) (76) (77) (78) . Analysis of the data derived from the omics studies will require bioinformatics tools that range from simple statistical analysis to sophisticated algorithms for largescale analysis such as machine learning approaches that will help assign functional and biological information to the data set. Integration of the data from the different omics platforms will provide valuable correlation and correction of inferred models; help generate robust mechanistic models of molecular processes of the pathogen, the host, and their interactions; and enable a multidimensional view of functional host-pathogen interplay (79) .
Host kinases exploited during bacterial infection. The AKT1 signaling pathway is critical in modulating host responses to multiple bacterial infections and, hence, it is a suitable target for host-directed antibacterial therapeutics (80) . A small interfering RNA (siRNA) kinome screen revealed that S. Typhimurium produces an effector protein, SopB, that causes misregulation of phagosome-lysosome fusion through its inhibition of AKT1 activation in the host (81) . Screening a phosphatase-specific siRNA library in the context of S. Typhimurium-and M. tuberculosis-infected host cells revealed that approximately half the phosphatases identified impinged on AKT-related pathways (82) . Phosphatidylinositol 3-kinase (PI3K)-mediated generation of phosphatidylinositol 2,4,5-triphosphate upon P. aeruginosa infection leads to the recruitment of AKT1, which facilitates bacterial transcytosis (83) . Klebsiella pneumoniae induces an antiinflammatory response by triggering a signaling axis that involves AKT1, which negatively regulates the NF-B pathway (84) . Given that the AKT1 kinase network is critical in modulating intracellular bacterial growth, an inhibitor that targets the PI3K/AKT pathway can be effective in treating bacterial infections. AR-12 is a celecoxib derivative that is devoid of cyclooxygenase 2 (COX-2) inhibitory activities (85) . AR-12 inhibits the phosphorylation of PDK-1; subsequently, the phosphorylation and activation of AKT1 are inhibited, which may result in inhibition of the PI3K/AKT signaling pathway (85) . It was also reported that AR-12 serves as an autophagy-inducing agent (86, 87) . Oral administration of AR-12 in mice infected with S. Typhimurium reduced bacterial burden in spleens and livers by Ͼ90%, delayed the onset of the disease, and prolonged survival (88) . Notably, AR-12 sensitized intracellular S. Typhimurium to aminoglycosides both in vitro and in vivo and prolonged the survival of infected mice (87) . AR-12 also inhibits F. novicida and F. tularensis intracellular survival in the cell-based assay (86) . Although antibiotic resistance has not been identified in F. tularensis, continued exposure of this bacterial species to antibiotics, including aminoglycosides (gentamicin) and fluoroquinolones (ciprofloxacin), has the potential to generate drug-resistant strains (89) .
Nonreceptor tyrosine kinases and inositol-requiring enzyme 1 (IRE1␣) are also exploited during bacterial invasion, the life cycle, and cellular survival (90, 91) . The recruitment of nonreceptor tyrosine kinases and their signaling axes is an integral part of bacterial internalization. Utilizing a panel of double-stranded RNAs (dsRNAs) targeting conserved genes involved in the regulation of the actin cytoskeleton, Pielage et al. described that the uptake of P. aeruginosa is a series of orchestrated events that requires Abl tyrosine kinase, the adapter protein Crk, the small GTPases Rac1 and Cdc42, and p21-activated kinase (90) . Similarly, IRE1␣, a conserved transmembrane kinase that regulates the host cell unfolded-protein response, was identified in an RNA interference (RNAi) screen and shown to be required for Brucella melitensis infection (91) . During the course of pathogen infections, protein phosphorylation is a critical cellular regulatory mechanism as receptors, signaling intermediates, and transcription factors are activated/deactivated by phosphorylation/dephosphorylation events. It is conceivable that modulating phosphorylation states of signaling components could be valuable for therapeutic intervention. RPMA studies have enabled the discovery of host targets through high-throughput detection of changes in expression and phosphorylation of host proteins during the course of bacterial infection. Modulation of host pathways was interrogated in extracts of RAW 264.7 macrophages infected with multiple B. pseudomallei strains at numerous time points postinfection. Detection of phosphorylated species of AMPK-␣-1, Src, and glycogen synthase kinase 3␤ (GSK-3␤) by the RPMA method suggested the involvement of metabolic pathways and regulation of innate immune pathways upon Burkholderia infection (71) .
Interrogating the functional host-pathogen interplay through systems biology approaches. An alternative approach to gain an in depth understanding of hostpathogen interactions during infection is to construct a protein-protein interaction (PPI) network between host protein and bacterial virulence factors. Using a yeast two-hybrid (Y2H) library that encompasses both human and murine factors, Memišević et al. successfully identified either human or murine proteins that interact with multiple B. mallei virulence factors (92) . The resulting host-pathogen PPI network included three previously uncharacterized B. mallei virulence factors which were highly connected to host protein, highlighting their functional importance to the virulence of B. mallei and supporting the validity of the interactions described by the network (92) . Similarly, a Y2H study conducted by Yang et al. showed the involvement of focal adhesion, regulation of cytoskeleton, leukocyte transendoepithelial migration, and the TLR and MAPK signaling pathways during Yersinia pestis infection (93) . By using chemical cross-linking of proteins in combination with large-scale mass spectrometry, Schweppe et al. identified interactions between host structural proteins that mediate host cell-to-cell adhesion and the virulence factors of Acinetobacter baumannii during infection (94) . Furthermore, the use of targeted quantitative metabolomics and high-throughput, unbiased proteomics revealed metabolites and proteins whose expressions were altered in mucosae isolated from chinchillas with nontypeable Haemophilus influenzae (NTHi)-induced acute otitis media. Treatment of human epithelial cells with an inhibitor targeting the identified actin-related protein Arp2/3 prevented NTHi infection (95) . Detailed mechanistic studies of these host proteins in the context of infection can reveal crucial host-pathogen interactions, providing a platform for discovery of potential therapeutic interventions through disrupting host-pathogen complexes.
Identifying host-directed small molecules that regulate bacterial infection through drug screening. A library of 640 FDA-approved drugs was screened to identify compounds that inhibited intracellular replication of C. burnetii, Legionella pneumophila, Brucella abortus, and Rickettsia conorii within a human monocytic cell line. Compounds that targeted G-protein-coupled receptors (GPCR) and intracellular calcium signals inhibited C. burnetii, L. pneumophila, B. abortus, and R. conorii replication, whereas those that target membrane cholesterol distribution reduced C. burnetii and L. pneumophila replication (96) . Other FDA-approved drug repurposing efforts have uncovered nonantibiotic drugs that could either inhibit cell wall synthesis or enhance cell membrane permeability of Gram-negative bacteria (97) . One should be aware that the artifactual effects of drugs or "promiscuous inhibitors" can inhibit multiple enzymes that impinge on the function of lysosomes and ultimately impact the survival of intracellular bacteria (34, 35) . The concentration of a drug used under the screening condition can also greatly alter its specificity and selectivity with the expected target. Finally, using host-directed therapeutics in conjunction with antibiotics may provide a more effective way to eradicate the microbes, reduce the duration of antibiotic treatment, and alleviate tissue damage due to infection/inflammation.
PERSPECTIVE
Host-directed therapeutics offer promising adjunct therapeutic strategies to antibiotics for treating infections caused by drug-resistant Gram-negative bacteria. Promising host targets include various biological processes that modify host cell function, modulate the inflammatory response, or affect bacterial replication and virulence, which may be specific to a particular bacterial pathogen. Several large in vitro cell-based data sets have been generated which identify critical host-pathogen interactions (90) (91) (92) (93) . Performing meta-analyses to integrate orthogonal data sets combined with rational hypothesis-driven studies may identify candidate host targets for therapeutic intervention. While many studies have provided critical host pathways and proteins for targeting, there is a significant gap between the hypotheses and preclinical data and a lack of tool compounds that are capable of bridging the two in animal models of infection.
Although promising, challenges to the development of host-directed agents should be considered. For example, in order to take advantage of the low-hanging fruit of a repurposed FDA-approved nonantibiotic as adjunct therapy, the unbound plasma trough levels at the approved dosing regimen of the nonantibiotic should be greater than the in vitro 50% effective concentration (EC 50 ) (or MIC) value when tested in combination. This concept is also fundamental for the development of tool compounds. Once a host-directed hypothesis is validated in vivo, the results need to be translated to humans. As opposed to direct antibiotics that have more predictable pharmacokinetic/pharmacodynamics relationships, host-directed therapeutics rely on the drug's interaction with the host and subsequent downstream events within the animal's immune system. This not only complicates the interpretation of efficacy experiments but introduces many variables in the translation of the results to humans. For example, the genomic responses in mouse models have been argued to poorly mimic human inflammation (98) . For serious infections, where it becomes unethical to not provide the standard of care to the patient, the clinical studies of host-directed therapeutic combinations (with an antibiotic) may be required to show an advantage over the standard of care (antibiotic alone). In these cases, the achievement of a statistically significant outcome may be challenging. Potential host-directed therapeutics may encompass a great diversity of drug classes and may be accompanied by risks and concerns that need to be considered. Many potential targets are involved in numerous pathways, which highlight the possibility of toxicity. Therapeutics that stimulate the immune system are associated with risks of excessive inflammation leading to cytokine storm or systemic inflammatory response syndrome, which is deleterious to the patient's ability to clear the infection. Additionally, the time of administration of host-directed therapeutics is critical as they typically target a particular phase of infection. Therefore, the treatment window will need to be clearly defined to maximize the therapeutic benefits of the treatment. Despite these challenges, successful identification and development of host-directed therapeutics will lead to a promising adjunctive therapy to treat infections caused by multidrug-resistant bacteria. Opinions, interpretations, conclusions, and recommendations are those of the authors and are not necessarily endorsed by the U.S. Army.
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